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PREFACE 

This  program w a s  conducted fo r  t h e  NASA-Goddard Space 
F l i g h t  Center w i t h  M r ,  W. F, Hardgrove a s  NASAOs Technical 
D i rec to r ,  A t  I I T  Research I n s t i t u t e  the program w a s  
directed by M r ,  Frank Iwatsuki ,  Manager, F l u i d  Systems and 
Lubricat ion and M r ,  J e r r y  F a r r e l l ,  P r o j e c t  Engineer, O t h e r  
I I T  Research I n s t i t u t e  personnel who have cont r ibu ted  t o  t h e  
t e c h n i c a l  e f f o r t s  of the program a r e  He J, O O N e i l l  and 
T o  K i r c h ,  

i 



. 

This  prcgram was ccnducted t c  determine the in f luence  of 
ozone or> the st -aki , i ty  Q €  DC-704  in a d i f fus i cp ,  pump vacuum 
system, One c b ~ e z t i v e  w a s  t o  d u p l i c a t e  t he  explosion which 
occurred irA the s i x  i r c h  Kimey d i f f u s i o n  pump d u r i r g  the 
previous  study' using D C - 7 0 4  f l u i d  when ozone w a s  leaked i n t o  
the system, This cbjective was achiePred al though the cruar t i ty  

I ar.d per iod  of 8zcr-e leakage i r t o  t h e  systemwere d i f f e r e n t ,  

A r m t h e r  o b j e c t i v e  Q €  the program was t o  study the  in-  
fluer,ce of var ious  system parameters s u c h  a s  ozone l eak  s a t e ,  
l i q u i d  n i t rogen  b a f f l e  usage,. d i f f u s i o n  pump f l u i d  usaged and 
d i f f u s i o n  pump design 01p. the s t a b i l i t y  of D C - 7 0 4  i n  a d i f f u s i o n  
pump vacuum system wher, ozone i s  leaked i n t o  the system, 
T h i s  o b j e c t i v e  was not  achieved because of the l eng th  of t i m e  
and e f f o r t  expended i n  dup l i ca t ing  the explosion of the pre-  
v ious  program a s  w e l l  as  t h e  i r p r e d i c t a b l e  na tu re  of the 
r e s u l t s  g e m r a t e d  when a l l  system parameters w e r e  he ld  
cons tap t  , 

I The s t a b i l i t y  of new DC-704 f l u i d  i n  a d i f f u s i o n  pump 
vacuum system was s tudied  wher ozone w a s  leaked i n t o  the 
system a t  very low l e a k  ra tes  for e i g h t  (8) hour per iods ,  
The  i n f luence  of var ious  r a t e s  of ozone leakage i n t o  a d i f -  
fusiori  pump vacuum system cortairl ing DC-704 which had beer 
used for a s  much a s  1 4 3  days w a s  s tud ied  during extended 
pe r iods  of ozone Leakage in to  t h e  system, 

The r e s u l t s  of these s t u d i e s  t e n d  t o  v e r i f y  t h e  conclusion 
reached i n  cur  previous study t h a t  ozone, under the proper  
cor,di t j  o n s ,  w i l l  genera te  an explosive r e a c t i o n  i n ,  a d i f f u s i o n  
pump vaclzum s y s t e m  usir,g D C - 7 0 4  f l u i d ,  These r e s u l t s  a l s o  
i n d i c a t e  t h e  r e a c t i o n  g e r e r a t ~ d  i n  DC-704 f l u i d  i s  no t  r e a d i l y  
genera ted  or  dupl iza ted  ir an opera t icg  d i f f u s i o n  pump, 

Future  work ir! t h i s  area should be d i r e c t e d  towards the 
de te rmi ra t ion  of the mecbanisrn OK mechanisms by which ozone 
can i n t r o d w e  an explosive react ion i n  D C - 7 0 4 ,  These s t u d i e s  
should e i t h e r  be conducted p r i o r  to  o r  ir: conjunct ion wi th  any 
f u t u r e  ozore  stability s t u d i e s  of D C - = 7 0 4  irL an opera t ing  d i f -  
f u s i o n  pc;mp, 

------_I i .  ----I- 

k 
NASA Contract  No, N A S 5  9632 e n t i t l e d ,  " I n v e s t i g a t i o n  of the 
Explosion Hazard of Contaminated Dif fus ion  Pump F l u i d s "  
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1,o 

INVESTIGATION OF THE INFLUENCE OF OZONE ON THfl STABILI'TY 
OF DC-704 I N  A DIFFUSION PUMP VACUUM SYSTE? 

INTRODUCTION 

I n  1965 I I T  Research I n s t i t u t e  conducted a s tudy under 
NASA Coct rac t  No, NAS5-9632 t o  i n v e s t i g a t e  t h e  e f f e c t  of con- 
taminat ion on t h e  s t a b i l i t y  of DC-704 i n  d i f f u s i o n  pump vacuum 
systems, P r io r  t o  t h e  i n i t i a t i o n  of t h i s  program, a n  explosi.on 
occurred i n  t h e  V e r t i c a l  Optical  Bench a t  NASA-Goddard Space 
F l i g h t  C e n t e r ,  The cause of th i s  explosion could not  be de- 
f i n i t e l y  pinpointed;  however, t h e  p o s s i b i l i t y  e x i s t e d  t h a t  very 
small amounts of contamination may have been p r e s e n t  i n  t h e  
system a t  the t i m e  of t h e  explosion, 

During the i n v e s t i g a t i o n  of the in f luence  of contamination 
on DC-704 s t a b i l i t y ,  the following areas w e r e  s tud ied :  

0 The spontaneous i g n i t i o n  temperature of newS 
used, and contaminated DC-704 f l u i d  

0 The ox ida t ion  s t a b i l i t y  of new and contaminated 
DC-704 f l . u id  i n  an a i r  environment 

0 ' T h e  s t a b i l i t y  of DC-704 i n  a d i f f u s i o n  pump 
when ozone was leaked i n t o  the system 

The r e s u l t s  of t h i s  s tudy showed DC-704 t o  be extremely 
stable under normal d i f f u s i o n  pump condi t ions ,  'I'he 
spontaneous i g n i t i o n  temperature was a minimum of 875°F an,d 
t h e  f l u i d  w a s  thermally s t a b l e  i n  a i s  a t  50o0F, C a t a l y t i c  
s t u d i e s  i r d i c a t e d  DC-704 to  be stable i n  the presence of 
m e t a l l i c  contamination a t  e leva ted  temperatures,  
an ex tens ive  f i e l d  survey of d i f f u s i o n  pump u s e r s  showed t h a t  
on ly  two occurrences of explosions under h igh  vacuum s teady  
s t a t e  cond i t ions  have occurred, However during the i n v e s t i -  
g a t i o n  of the inf luence  of ozone on  DC-704 s t a b i l i t y ,  small 
q u a n t i t i e s  of ozone w e r e  leaked i n t o  a s ix- inch d i f f u s i o n  
pump vacuum system and an explosion occurred s e v e r a l  hours 
l a t e r ,  However, very l i t t l e  w a s  known about the cond i t ions  
e x i s t i n g  i n  t h e  d i f f u s i o n  pump a t  the t i m e  of t h e  explosion,  
s i n c e  the explosion occurred a t  n ight  and automatic equipment 
f o r  t h e  recording of f l u i d  temperature and system p r e s s u r e  
w a s  no t  included i n  t h e  system, Therefore,  t h i s  study was 
i n i t i a t e d  t o  study the in f luence  of ozone on the s t a b i l i t y  of 
DC-704 i n  a d i f f u s i o n  pump vacuum s y s t e m ,  

I n  a d d i t i o n ,  

b 



This program included two ( 2 )  series of s t a b i l i t y  
s t u d i e s  conducted i n  a six-inch d i f f u s i o n  pump vacuum system 
using DC-704, The f i r s t  of these  str-ldies cons is ted  of leak ing  
small q u a n t i t i e s  of ozone i n t o  the vacuum system f o r  brief 
pe r iods  of t i m e  and observing its in f luence  on r e l a t i v e l y  new 
DC-704 f l u i d ,  In  the second s e r i e s  of tests,  DC-704 which 
had seen more ex tens ive  usage was subjected t o  var ious  rates 
of ozone leakage over extended per iods of t i m e .  

2 



2.0 CONCLUSIONS . __ 

2.1 Ozone has detrimental influence on DC-704 in 
a p  operatirq diffusion pump system. and under 
proper corditions will result in ah explosive 
rea :: t i 6ri 

2-2 The exact mechanism by which ozone attacks 
DC-704 in an operating diffusion pump is not 
knowrc 

3 



3,O EXPERIMENTAL EQUIPMENT AND PROCEDURES ---- 
Two (2) series of ozone s t a b i l i t y  tests w e r e  conducted 

on DC-’704 d i f f u s i o n  plm,p f l u i d .  These tests w e r e  conducted 
i n  the s ix- inch d i f f u s i o n  pump system shown i n  Figures  1 and 2, 
The f i r s t  series of tests w e r e  conducted using a r e l a t i v e l y  
new DC-’704 f l u i d  and s h o r t  per iods of ozone leakage i n t o  the 
system, T h e  second series of t e s t s  w e r e  conducted using a 
condi t ioned DC-’704 f l u i d .  This f l u i d  had been used f o r  
approximately 53 days p r i o r  t o  i n s t a l l a t i o n  i n t o  the s ix- inch 
Kinney system. I n  a d d i t i o n ,  a l a r g e  r a t e  of ozone leakage w a s  
used  during t h i s  phase, and leakage w a s  continued over  a much 
longer  per iod  of t i m e ,  

3.1 _vacuum System U s e d  f o r  Ozone S t a b i l i t y  S tudies  

F igure  1 shows the physical  arrangement of the 
vacuum system used f o r  the ozone s t a b i l i t y  s t u d i e s ,  Figure 2 
i s  a schematic r ep resen ta t ion  of the system, T h e  system w a s  
pumped by a s ix- inch Kinney Model KDP-6 Dif fus ion  Pump, The 
system also included a f i f t een - inch  g l a s s  bell  j a r ,  a l i q u i d  
n i t rogen  b a f f l e ,  a h igh  vacuum valve,  a water cooled cold 
cap, a mechanical roughing pump, and a l i q u i d  n i t rogen  cold 
t r a p ,  System pressures w e r e  monitored by a compensated thermo- 
couple gauge i n  the f o r e l i n e ,  and by i o n i z a t i o n  gauges above 
and b e l o w  the o r i f i c e  p l a t e  i n  the  chamber, I n  a d d i t i o n ,  the 
sampling appara tus  shown i n  Figure 3 w a s  designed and a t t ached  
t o  the d i f f u s i o n  pump f o r  removing l i q u i d  samples from the 
ope ra t ing  d i f f u s i o n  pump. 

The sampling appara tus ,  a s  can be seen i n  F igure  3: 
resembles a syr inge,  I t  cons is ted  of a 3/16-inch o u t s i d e  dia- 
m e t e r  by 1/8-inch i n s i d e  diameter s t a i n l e s s  steel  t u b e  w i t h  a 
1/8-inch d i a m e t e r  p i s ton ,  Special s e a l s  w e r e  used i n  the 
syr inge  t o  maintain a vacuum as the  syr inge  w a s  i n s e r t e d  i n t o  
the d i f f u s i o n  pump through a 3/4-inch ba l l  type  vacuum valve,  

O t h e r  components of the vacuum system included an 
adjustable  Granv i l l e -Ph i l l i p s  l e a k ,  an ozone g e n e r a t o r ,  a s t a i n -  
less steel  o r i f i c e  p l a t e ,  and t w o  ( 2 )  chart recorders, T h e  
o r i f i c e  plate  cons is ted  of a s t a i n l e s s  s teel  p l a t e  w i t h  a 
10 m diameter  sharp  edged o r i f i c e  a t  the cen te r .  This 
o r i f i c e  p l a t e  w a s  placed i n  the chamber t o  f i x  the pumping 
speed and t h u s  allow t h e  l eak  r a t e  i n t o  t h e  system t o  be 
calculated as  a func t ion  of the pressure  above the o r i f i c e  
p l a t e .  

A s  shown i n  Figures  1 and 2 ,  the a d j u s t a b l e  l e a k  w a s  
a t t ached  t o  t h e  bell  j a r  and a tygon t u b e  connected the l e a k  
t o  a h o r i z o n t a l l y  mounted dewar. Therefore,  any leakage i n t o  
the system t h r u  th i s  l eak  m u s t  come from t h e  dewar, T h e  dewar 

4 



F i g u r e  1 - Six- Inch  Kinney Vacuum System used f o r  
Ozone S t a b i l i t y  S t u d i e s  

5 
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w a s  suppl ied w i t h  a mixture of 20 parts pe r  m i l l i o n  ozone i n  
a i r .  To i n s u r e  t h a t  a mixture of ozone w a s  always p r e s e n t  i n  
the tygon l i n e  Leading t o  the a d j u s t a b l e  l e a k ,  a g l a s s  tee was 
placed i n  the l i n e  lead ing  t o  the a d j u s t a b l e  l e a k  and the tee 
was connected t o  the suc t ion  port of an a s p i r a t o r .  

T h e  ozone genera tor  i s  shown i n  Figure 4, T h i s  
gene ra to r  had been c a l i b r a t e d  p r i o r  t o  i n i t i a t i o n  of the tests 
as  20 parts per m i l l i o n  of ozone i n  a i r .  This genera tor  i s  a 
corona arc type  generator .  

F i g u r e  5 shows the complete vacuum system used i n  the 
ozone s t a b i l i t y  s tud ies .  T h i s  f i g u r e  i s  s i m i l a r  t o  Figure 1 
except  a p l e x i g l a s s  t op  cover w a s  placed over  the be l l  j a r  f o r  
p ro tec t ion .  This p l e x i g l a s s  cover w a s  replaced before 
i n i t i a t i o n  of the ozone leakage by a sheet metal  cover. 

Two ( 2 )  thermocouples were a lso i n s t a l l e d  i n  the d i f -  
fu s ion  pump t o  monitor the DC-704 f l u i d  temperature a t  t w o  
p o i n t s  i n  the l i q u i d  phase. One thermocouple w a s  located t o  
read the f l u i d  temperature near  the c e n t e r  of the pump and the 
other thermocouple measured t h e  f l u i d  temperature approximately 
1/2-inch i n s i d e  the o u t e r  w a l l  of the pump. T h i s  temperature 
as  w e l l  a s  the system pressure below the o r i f i c e  p l a t e  was 
cont inuously recorded by t h e  chart recorders .  

The recorder  used t o  record the f l u i d  temperature 
operated a t  4-inches p e r  hour ,  w h i l e  the recorder  used  t o  
record the system p res su re  operated a t  2-inches per hour. A 
s tepping s w i t c h  was used w i t h  the i o n i z a t i o n  gauge t o  a l low re- 
cording and monitoring of pressure  changes. 

3,2 Vacuum System f o r  DC-704 Conditioninq 

The vacuum system shown i n  F igure  6 w a s  u sed  t o  con- 
d i t i o n  1000 m l  of DC-704 f l u i d  concurrent ly  w i t h  the f irst  
series of ozone s t a b i l i t y  t es t s  on  new DC-704 f l u i d ,  T h i s  
system cons i s t ed  of a ten- inch NRC Model H-10-P d i f f u s i o n  
pump w i t h  associated mechanical roughing pump, l i q u i d  n i t rogen  
cold t rap i o n i z a t i o n  gauge compensated thermocouple gauge 
i n  the f o r e l i n e ,  and a thermocouple i n  the d i f f u s i o n  pump 
f l u i d  fo r  monitoring f l u i d  temperature. 

T h i s  system w a s  used t o  condi t ion  the d i f f u s i o n  pump 
f l u i d  by usage under s teady  s t a t e  condi t ions ,  except f o r  a i r  
r e l e a s i n g  the system once each week. I t  w a s  bel ieved tha t  
f l u i d  condi t ioned i n  s u c h  a manner fo r  an extended l e n g t h  of 
t i m e  would probably be m o r e  suscep t ib l e  t o  ozone a t tack than  
a r e l a t i v e l y  new f l u i d .  

8 
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Figure 5 - Vacuum System for Stability Studies with 
Plexiglas Cover 
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The DC-’704 f l u i d  was used i n  this system f o r  5 3  days 
b e f o r e  it w a s  removed and placed i n  the Kinney system fo r  
ozone s t a b i l i t y  tests. 

3.3 ozone S t a b i l i t v  T e s t s  

T h e  Kinney vacuum system used for  t h e  ozone s t a b i l i t y  
s t u d i e s  w a s  suppl ied  w i t h  500 cc of new DC-704 f l u i d  be fo re  
pumping was i n i t i a t e d .  The system w a s  t hen  pumped down w i t h  
the adjustable  leak closed and the l i q u i d  n i t rogen  baffle 
inopera t ive .  A f t e r  s teady  s t a t e  w a s  reached, the p r e s s u r e  
above the or i f ice  plate  w a s  3 x l o w 6  tor r  and below 
4 x 10-7 t o r r .  

The system w a s  allowed to  pump under s teady  s t a t e  
cond i t ions  fo r  a per iod of one (1) week p r i o r  t o  the i n i t i a t i o n  
of ozone leakage i n t o  t h e  system. During t h i s  per iod  the f l u i d  
t empera tu re  l /%-inch i n s i d e  the ou te r  w a l l  of the d i f f u s i o n  
w a s  approximately 370°F, w h i l e  t he  t e m p e r a t u r e  near the c e n t e r  
of the pump w a s  approximately 400°F. 

A f t e r  a week of s teady  s ta te  ope ra t ion ,  a torr-  
l i t e r  per second l e a k  of 20 parts pe r  m i l l i o n  ozone i n  a i r  was 
established by opening t h e  a d j u s t a b l e  l e a k  which w a s  p rev ious ly  
described. Ozone w a s  allowed t o  leak i n t o  the system for a 
per iod  of e i g h t  (8) hours a t  which t i m e  the a d j u s t a b l e  l e a k  was 
closed. T h i s  procedure w a s  i d e n t i c a l  t o  the procedure used 
t o  gene ra t e  an explosion during the ozone s t a b i l i t y  s t u d i e s  
i n  the previous  program, I I T R I  P r o j e c t  N o .  K6090 (NAS5-96321, 
Samples w e r e  removed f r o m  the l i q u i d  phase of the d i f f u s i o n  
pump before i n i t i a t i o n  of the ozone l e a k ,  a f t e r  te rmina t ion  
of ozone leakage i n t o  the system, and a t  two hour  i n t e r v a l s  
during the test ,  

The d i f f u s i o n  pump was then allowed t o  pump under 
s teady  s ta te  condi t ions  f o r  11 days. A f t e r  t h i s  period of 
t i m e ,  a lo4 torr-l i ter  p e r  second l eak  conta in ing  20 p a r t s  
per m i l l i o n  ozone was introduced. Ozone was allowed t o  l e a k  
i n t o  the system fo r  a per iod  of e i g h t  hours and then the ad- 
jus tab le  l e a k  was closed o f f .  Samples of f l u i d  w e r e  aga in  
removed f r o m  the l i q u i d  phase of the  d i f f u s i o n  pump a s  i n  
the f i r s t  test. 

A f t e r  c lo s ing  o f f  t h e  leak  i n t o  the system, the d i f -  
fu s ion  pump w a s  once m o r e  allowed t o  pump under s teady s ta te  
fo r  approximately two weeks. Dur ing  t h i s  pe r iod ,  f l u i d  
temperature and system pressure were monitored and recorded, 
I n  a d d i t i o n ,  f l u i d  samples w e r e  removed d a i l y  for  chemical 
ana lys i s .  
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Since an explosion d i d  no t  occur when ozone w a s  
leaked i n t o  the system with a r e l a t i v e l y  new DC-704 f l u i d ?  
t h i s  f l u i d  was removed from t h e  system, Then 500 cc of the 
DC-704 f l u i d  which had been used  i n  the ten-inch NRC d i f f u s i o n  
pump for  a per iod of 53 days w a s  i n s t a l l e d  i n  the Kinney 
system, 

The  ozone s t a b i l i t y  system w a s  pumped down and held 
a t  s teady  s ta te  f o r  a per iod of f i v e  days a f t e r  i n s t a l l a t i o n  
of the condi t ioned f l u i d ,  Therefore: the f l u i d  had 
e s s e n t i a l l y  been used f o r  58 days p r i o r  t o  the in t roduc t ion  of 
ozone a t  the rate of 10-5 torr-liters p e r  second f o r  a per iod  
of e i g h t  hours. Samples w e r e  removed as  i n  previous tests 
during the period of ozone leakage i n t o  the system as  w e l l  as  
each day during s teady s ta te  operation. Since no apparent  
problems w e r e  caused by t h e  eight hour  leakage of ozone i n t o  
the system, it w a s  decided t o  pump t h e  system under s teady 
state f o r  a longer  per iod of time and then  t o  i n i t i a t e  ozone 
leakage i n t o  t h e  system i n  larger q u a n t i t i e s  and poss ib ly  
over longer  pe r iods  of t i m e ,  During t h i s  pe r iod ,  the samples 
which had been removed from t h e  system w e r e  subjec ted  t o  
chemical c h a r a c t e r i z a t i o n ,  

The ozone s t a b i l i t y  system w a s  t h u s  allowed t o  
ope ra t e  under s teady  s t a t e  condi t ions  f o r  an a d d i t i o n a l  
52 days dur ing  which samples were removed d a i l y  f o r  a n a l y s i s ,  
Therefore, t h e  f l u i d  i n  the system had been used f o r  approxi- 
mately 111 days a t  t h e  end of this  period. A t  t h i s  t i m e ,  
ozone w a s  leaked i n t o  t h e  system a t  the ra te  of t o r r -  
l i ters p e r  second f o r  e i g h t  hour per iods  each day f o r  s i x  
days. I n  these tests as  i n  a l l  previous ozone tests it w a s  
requi red  t h a t  t h e  tube connecting the a d j u s t a b l e  l e a k  t o  the 
h o r i z o n t a l l y  mounted dewar be evacuated each t i m e  be fo re  
i n i t i a t i o n  of ozone leakage i n t o  the  system. 

Following these tes ts ,  the  f l u i d  had now accumulated 
117 days of usage, 
t es t ,  the l e a k  ra te  w a s  ad jus ted  t o  10' torr-liters pe r  
second and allowed t o  l eak  i n t o  the  system continuously,  This 
change i n  t es t  procedure meant t h a t  on ly  one sample of f l u i d  
could be taken each day t o  avoid d i s s i p a t i o n  of the requi red  
DC-704 f l u i d  volume i n  the pump, In  a d d i t i o n ,  the l i n e  
connecting the Leak t o  the dewar was n o t  evacuated d a i l y ,  
Therefore ,  t o  i n s u r e  t h a t  a continuous supply of 20 parts 
per m i l l i o n  of ozone w a s  a c t u a l l y  p re sen t  a t  the l e a k ,  an 
a s p i r a t o r  w a s  i n s t a l l e d  i n  the system a f t e r  the system had 
been i n  ope ra t ion  f o r  a 2 8  days. 
i n t o  the system a t  10- t o r r - l i t e r s  per second u n t i l  an ex- 
p los ion  occurred a f te r  the system, using the condi t ioned f l u i d ,  
had been i n  ope ra t ion  f o r  143 days, 

To s u b j e c t  t he  f l u 1 1  t o  a m o r e  severe  

Ozone w a s  cont inuously leaked 
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3.4 Chemical Characterization 

The samples removed from the liquid phase of the 
operatifig diffi;sion pump as well as samples of fresh DC-704 
fluid were analyzed by gas chromatography. These gas chromato- 
graphic studies were carried out isothermally at 27OOC in a 
Loenco Model 70 dual-flow gas chromatograph, The coiled 
copper column used for analysis was 3/16-inch by 6-feet and 
contained three (3) weigh percent S.E.-30 (silicone gum 
rubber) on 60-80 mesh Chromosorb (ABS). Helium served as a 
carrier gas at an inlet pressure of 60 psig. The signal from 
the compensating electrometer was directed to a 0-1 multivolt 
recorder representing a signal current of lo'"' amperes full 
scale. For all analyses, a total sample volume of 2 micro- 
liters of a 10% solution of the sample in chloroform was used. 
The attenuation of the signal was varied during the run to 
maintain the major peaks on the chromatogram and to detect 
the low level components. 

Combined gas chromatography-mass spectrometry 
characterization was carried out on several used DC-704 
samples in an attempt to identify the transient components 
which appeared in the gas chromatograms. However, detailed 
analyses of these components were complicated by the release 
of the silicone substrate from the columns in the gas chromato- 
graph which gave high background in the mass spectrometer, 
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4.0 RESULTS 

4.1 S t a b i l i t y  of N e w  DC1704_&n a Diffusion Pump VacuGm _--- 
S j s t e m  ---------- i n  the Presence of S m a l l  Q u a n t i t i e s  of Ozone 

A s  described i n  the ozone s t a b i l i t y  test procedure,  
the ozone s t u d i e s  conducted on new DC-704 f l u i d  i n  the d i f -  
fu s ion  pump system w e r e  f o r  brief periods of t i m e ,  I n  the 
f i r s t  tes t ,  ozone (air-ozone mixture) was leaked i n t o  the 
system a t  the rate  of l o m 6  t o r r - l i t e r s  pe r  second f o r  a per iod  
of e i g h t  (8)  hours. A t  t h i s  time the f l u i d  w a s  r e l a t i v e l y  
new s i n c e  it had only been used f o r  one week. The leakage of 
ozone i n t o  the vacuum system using the r e l a t i v e l y  new f l u i d  
d i d  no% adverse ly  inf luence  the a b i l i t y  of the system t o  
maintain the normal vacuum achieved p r i o r  t o  t h e  i n i t i a t i o n  of 
the leak ,  G a s  chromatography a n a l y s i s  of t h e  samples removed 
during this tes t  showed evidence of minor changes i n  three of 
the l i g h t e r  components found i n  the DC-704. 

Fur ther  leakage of the ozone-air m i x t u r e  i n t o  t h e  
system a t  10-5 t o r r - l i t e r s  per second f o r  a per iod of e i g h t  
h o u r s  a f t e r  the f l u i d  had been i n  u s e  f o r  11 days also f a i l e d  
t o  produce any change i n  the e f f i c i e n c y  of d i f f u s i o n  pump or 
t o  gene ra t e  an explosive reactione 

4.2 Diffusionxump S tab i l i t y  S t u d i e s  w i t h  U s e d  F l u i d  
_____I i n  the Presence of Ozone 

The t e r m  "conditioned f l u i d "  i s  used f r equen t ly  i n  
t h i s  report ,  and i t s  meaning can be e a s i l y  mis in te rpre ted ,  
A s  used i n  th i s  r epor t :  conditioned f l u i d  only  means tha t  the 
DC-704 f l u i d  w a s  p rev ious ly  used i n  a d i f f u s i o n  pump f o r  a 
minimum of 53 days, The s e l e c t i o n  of 53 days was o r i g i n a l l y  
based e n t i r e l y  on i t s  s ign i f i cance  i n  the previous program, 
s i n c e  the DC-704 f l u i d  i n  the d i f f u s i o n  pump a t  the t i m e  of 
that  explosion had accumulated approximately 53 days of pumping 
under s teady  s ta te  condi t ions ,  

However, on the p r e s e n t  program it was no t  p o s s i b l e  
t o  use or  cond i t ion  DC-704 f l u i d  i n  the Kinney pump under 
s teady  s ta te  condi t ions ,  s i n c e  t h e  pump was used  f o r  ozone 
s t a b i l i t y  tests. Therefore? a volume of f l u i d  w a s  conditioned 
or  used i n  the 10-inch NRC system p r i o r  t o  i n s t a l l a t i o n  i n  
the Kinney pump, 

The  s e l e c t i o n  of 53 days i n i t i a l l y  o r  of an a d d i t i o n a l  
90 days of u s e  f o r  condi t ion ing  is  c e r t a i n l y  no t  a f i x e d  
t i m e ,  However, comparison of the g a s  chromatograms i n  
F igures  1 4  t h r u  18 shows a d e f i n i t e  i n c r e a s e  i n  the l i gh t  end 
components i d e n t i f i e d  as  peaks A ,  B ,  C ,  D ,  and E, Since none 
of these peaks w e r e  p r e s e n t  i n  t h e  g a s  chromatogram f o r  the 
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new f l u i d  and they appear t o  accumulate wi th  t i m e ,  w e  f e l t  
t h a t  the u s e d  o r  conditioned f l u i d  might w e l l  be m o r e  susceptible 
t o  ozone a t t a c k ,  The s ign i f i cance  of these peaks i s  d iscussed  
i n  Sec t ion  4-3,  However, s i m i l a r  9eaks w e r e  found i n  used 
f l u i d s  on the prgvious piogram i n  the absence of ozone- 

The  procedure used to  eva lua te  the s t a b i l i t y  of used 
DC-704 f l u i d  i n  the presence of ozone i s  described under ozone 
s t a b i l i t y  tests! Sect ion 3.3. The r e s u l t s  of a l l  tests con- 
duc ted  on the used or conditioned DC-704 f l u i d  i n d i c a t e  t h a t  
no major changes occurred i n  the  e f f i c i e n c y  of the d i f f u s i o n  
pump or  i n  the condi t ion  of t h e  f l u i d  f o r  the f i r s t  140 days 
of usage, During th i s  pe r iod ,  a mixture of ozone and a i r  
was leaked i n t o  the system f o r  pe r iods  of e i g h t  (8) hours 
on seven ( 7 )  d i f f e r e n t  days and continuously f o r  24 days, 
A change i n  f l u i d  temperature and system p res su re  occurred 
a f t e r  1 4 1  days of usage, The  f l u i d  temperature which had 
previous ly  remained e s s e n t i a l l y  cons tan t  a t  370°F increased  to 
374OF. Approximately one-half hour a f t e r  the f l u i d  tempera- 
t u r e  i n c r  ased t o  374OF, the system pressure increased f r o m  
8-8 x lo-’ to r r  t o  1-2 x l o m 6  to r r .  
f l u c t u a t e d  between 8.8 x lom7  t o r r  and 1 .2  x lo-% torr on s i x  
occas ions  during the 43 hour period fol lowing i t s  i n i t i a l  
rise. Approximately 43 hours  a f t e r  the i n i t i a l  p re s su re  in- 
crease, an  explosion occurred i n  the system. 

cover over  the bell  j a r  a f t e r  the explosion. T h i s  cover was 
bol ted  down t o  the d i f f u s i o n  pump frame; t h e r e f o r e ,  the g l a s s  
bell  jar  beneath the cover w a s  undoubtedly blown upward 
a g a i n s t  the cover. However, much of the d i s t o r t i o n  of the t o p  
cover would appear t o  have been caused by a shock wave, The 
p o s s i b i l i t y  of th i s  d i s t o r t i o n  being caused by f i r e  w a s  
e l imina ted  s i n c e  t h e  p a i n t  on the sheet m e t a l  showed no evidence 
of e l eva ted  temperature. 

The system ressure 

Figure 7 shows the condi t ion of the shee t  m e t a l  

Figure 8 shows how t h e  15-inch glass bell  j a r  w a s  
s h a t t e r e d  by the explosion. N o  t r a c e s  of the d i f f u s i o n  pump 
f l u i d  o r  traces of carbon w e r e  found around the o r i f i c e  p la te  
as  i n  the previous  explosion. 

F igures  9 ,  10 ,  and l1 show the d i f f u s i o n  pump wi th  
the j e t  assembly removed, the i n t e r i o r  of the d i f f u s i o n  pump, 
and the disassembled j e t  assembly following the explosion. 
F igure  9 i n d i c a t e s  the r e l a t i v e l y  clean o u t e r  su r f ace  of the 
j e t  assembly except  f o r  l o c a l i z e d  carbon depos i t s ,  
s h o w s  t h e  carbon d e p o s i t s  i n s i d e  t h e  pump as  w e l l  as the loca- 
t i o n  of the Christmas tree type  superhea ters  used i n  the pump, 
Figure 11 s h o w s  the l a r g e  d e p o s i t s  of ash and carbon found i n  
the i n t e r i o r  of the j e t  assembly. This f i g u r e  a l s o  s h o w s  t he  
change i n  d e p o s i t s  from a w e t  c a rbon  a t  the t o p  t o  a d r y  ash- 
l i k e  substance towards the l o w e r  end of the assembly, I n  

F igure  10 
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F i g u r e  7 - Sheet M e t a l  Cover for Vacuum System 
Fol lowing Explosion 
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F i g u r e  9 - Six-Inch Diffusion Pump w i t h  J e t  A s s e m b l y  R e m o v e d  
After Explosion 
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F i g u r e  10 - I n t e r i o r  of D i f f u s i o n  Pump A f t e r  Exp los ion  
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a d d i t i o n ,  it can be observed t h a t  some of the je t s  a r e  
a c t u a l l y  packed f u l l  of t h i s  a s h  material, 

Figure 1 2  shows h o w  t h e  f l u i d  temperature j u s t  i n s i d e  
the w a l l  of the pump and the system p res su re  f l u c t u a t e d  during 
the 52 hour  period preceding the explosion. These r e s u l t s  
i n d i c a t e  t h e  p re s su re  and temperature remained r e l a t i v e l y  
cons t an t  f o r  a per iod of 24 hours j u s t  preceding the explosion. 

Figure 1 3  shows h o w  t h e  f l u i d  temperature and system 
p r e s s u r e  f l u c t u a t e d  j u s t  p r i o r  t o  the explosion. The tempera- 
t u r e  decreased from 374OF t o  370°F and then g radua l ly  in- 
creased t o  s l i g h t l y  over 400°F j u s t  prior t o  the explosion. 
These changes occurred during a period of approximately t e n  
minutes. 
increased  r a p i d l y  from 1.2 x 10- torr t o  approximately 
2 x 10-4 torr. 
a t  2 x l o m 4  f o r  approximately seven ( 7 )  minutes p r i o r  t o  the 
explosion. Although it i s  d i f f i c u l t  t o  determine if the 
temperature change or  p re s su re  change occurred f i r s t ,  it would 
appear that  they occurred almost simultaneously. 

During t h i s  s a m e  periot of t i m e  the system pressure 

The p res su re  remained e s s e n t i a l l y  cons t an t  

Examination of t h e  system ind ica t ed  the explosion 
d e f i n i t e l y  occurred i n  the l o w e r  s e c t i o n  of the d i f f u s i o n  
pump. Very l i t t l e  carbon w a s  found i n  the f o r e l i n e ,  and the 
g l a s s  cold t r a p  i n  the f o r e l i n e  was no t  broken by the 
explosion , 

4.3 Gas Chromatoqraphy Analyses of the Samples Removed 
F r o m  Vacuum System U s e d  for-one S t a b i l i t y  S t u d i e s  

The gas  chromatographic ana lyses  of the samples re- 
moved from t h e  d i f f u s i o n  pump during t h e  ozone s t a b i l i t y  
s t u d i e s  and referenced wi th  r e spec t  t o  t i m e  preceding the ex- 
p los ion  are shown i n  Figures  1 4  - 18, T h e  p r i n c i p l e  change 
that  i s  r e a d i l y  apparent  i n  t h e  chromatograms i s  the appearance 
of s e v e r a l  ( 5 )  v o l a t i l e  components i n  the f l u i d ,  These l i g h t  
( v o l a t i l e )  components are designated a s  peaks A ,  B ,  C ,  D ,  and 
E i n  the chromatograms and are  not  p r e s e n t  i n  the new f l u i d  
(F igure  1 4 ) -  Of p a r t i c u l a r  s i g n i f i c a n c e  i s  the appearance of 
the t r a n s i e n t  peak D which can be r e a d i l y  observed i n  
Figure 18, This component appeared i n  the pump f l u i d  a f t e r  
7% hours of ozone in t roduc t ion  and remained a t  a very l o w  
concent ra t ion  u n t i l  t h e  t i m e  of t he  4 O F  temperature i n c r e a s e  
approximately 46 hours preceding the explosion,  A f t e r  t h i s  
temperature r ise,  component D increased by a f a c t o r  of 5 
during this  i n t e r v a l ,  w h i l e  the o the r  f o u r  components remained 
reasonably cons tan t ,  A s i m i l a r  t r a n s i e n t  component w a s  a l s o  
observed i n  the f l u i d  preceding the f i r s t  explosion; however, 
the e l u t i o n  p o i n t  of tha t  component w a s  j u s t  a f t e r  the e l u t i o n  
of component E rather than be tween C and E. 
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It is not known at present what significance to 
attach to the appearance of the component, since its identity 
is unknown, However? it does establish that a change in com- 
position had occurred in the fluid preceding the explosion. 

The chromatograms, as presented, do not reveal two 
additional components in the fluid which elute much later in 
the chromatograms, These components elute at points 2e7X 
and 3,9X greater than the major DC-704 component which had 
an elution time of 37 minutes, Both components were present 
in the original fluid and were not observed to vary in com- 
position with time to any great extent. 

Mass spectrometry studies were attempted on the 
various components present in the used fluid in order to gain 
some information as to the nature of the higher components 
present in the fluid. These analyses, however, were unsuccess- 
ful in view of the high bleed rate of the SE-30(silicone gum 
rubber) substrate which gave a continuous background, The 
low levels of material isolated from the gas chromatography 
column could not be clearly defined over the background level. 
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5 , O  DISCUSSION -~ 

T h e  t o t a l  accumulated q u a n t i t y  of ozone which was leaked 
i n t o  the d i f f u s i o n  pump vacuum system during the complete 
143 day tes t  per iod i s  very small. This t o t a l  leakage would 
account f o r  only 8 x 10-7 m o l e s  of ozone. T h i s  is  more than  
8000 t i m e s  as  much ozone as  w a s  leaked i n t o  the vacuum system 
during the previous study when t h e  explosion occurred, How- 
eve r ,  it may be m o r e  s i g n i f i c a n t  t o  p o i n t  o u t  that  approxi- 
mately 100,000 t i m e s  m o r e  a i r  w a s  leaked i n t o  the system than  
ozonea 

T h i s  q u a n t i t y  of a i r  may a l s o  have an inf luence  on the 
s t a b i l i t y  of DC-704, s i n c e  it probably con ta ins  a l a r g e  number 
of ox ides  generated when the a i r  passed through the corona arc 
ozone genera tor ,  I n  a d d i t i o n ,  t h e  air-ozone mixture w i l l  
con ta in  small  amounts of w a t e r  vapor w h i c h  are known t o  
c o n t r i b u t e  t o  t h e  formation of diphenylmethylsilano1, 

A t  p r e s e n t ,  it i s  n o t  known what s i g n i f i c a n c e  the l i g h t  
components and, i n  p a r t i c u l a r ,  component D (see chromatograms] 
p l a y  i n  the explosion s u s p e c t i b i l i t y  of the DC-704 f l u i d ,  
Ce r t a in ly  one could p o s t u l a t e  t h a t  t h i s  component r e p r e s e n t s  
the primary s t e p  toward the formation of t h e  thermally uns tab le  
and h igh ly  r e a c t i v e  in t e rmed ia t e ( s )  w h i c h ?  i f  allowed t o  pro- 
ceed, can i n i t i a t e  an explos ive  react ion.  Actua l ly ,  t h i s  may 
very w e l l  be the case, b u t  there i s  c e r t a i n l y  no s u b s t a n t i a t i n g  
evidence t o  either support  o r  r u l e  o u t  t h i s  p o s s i b i l i t y ,  

The f a c t  that  o t h e r  b i g h t  components are a l s o  observed 
i n  the g a s  chromatograms would c e r t a i n l y  suggest  tha t  the 
d i f f u s i o n  pump f l u i d  is  undergoing l o w  o r d e r  degradation. 
The  grouping of these components i n  a reasonably c l o s e  e l u t i o n  
p o i n t  would also suggest  t h a t  they probably r ep resen t  a form 
of the basic s t r u c t u r a l  u n i t  of t he  f l u i d  and, w i t h  s l i g h t  
modi f ica t ions  i n  s t r u c t u r e ,  could y i e l d  small  d i f f e r e n c e s  i n  
their  vapor pressure ,  Since the doublet  ( C )  and ( E )  i s  f i r s t  
t o  appear followed by the second doublet  ( A )  and ( B ) :  the 
l a t t e r  double t  may w e l l  a r i s e  from t h e  i n i t i a l  set. Peak D 
may be a combination product  between either A o r  B w i t h  C or 
E, Conversely, it may a l s o  r ep resen t  an e n t i t y  e n t i r e l y  d i f -  
f e r e n t  from either A ,  B ,  C ,  or E. 

I f  for t h e  sake of d i scuss ion  w e  consider  the f o u r  l i g h t  
end component products  of DC-704 breakdown, w e  would p r e d i c t  
severa l  possible s t r u c t u r e s  f o r  these  components, T h e  one 
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obvious degradation product could be the diphenylmethylsibar,ol 
which would be formed by the presence of moisture in the 
system, 

but could also recombine to form the corresponding siloxane, 

- Si - 0 - Si 

However, in a dilute system this reaction would be ex- 
pected to be slow and the silanol component may exist for a 
finite time interval before condensing, If the presence of 
ozone in the system is to mediate an unstable silylperoxide 
through the formation and cleavage of an intermediate ozonide: 
the silanol may be the reactant for either hydroperoxide 
(intermolecular) or peroxide (intramolecular) formation, 
However: the nature of the ozonide formed at the operating 
temperatures of a diffusion pump is difficult to postulate. 

A second factor which has not been possible to sub- 
stantiate is the possible influence of hydrocarbons in the 
overall scheme, Since low levels of volatile hydrocarbons 
backstreaming from the mechanical pump is always a possibility, 
this also must be considered as a likely sink for trapping 
ozone. 

In view of the various electrophilic and nucleophilic 
attacks, one can postulate for the DC-704 fluid under varying 
conditions of electron delocalization in the siloxane chain 
it would be almost impossible to predict what course of 
primary action is involved in the formation of the highly 
unstable products, To complicate this picture to a greater 
extent, silicone has five d-orbitals, two of which are capable 
of forming bonding hybrids of the d2sp3 type. Although this 
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r e q u i r e s  a s u b s t a n t i a l  decrease  i n  the e l e c t r o n  d e n s i t y  of t h e  
s i l i c o n e  a t o m  by i t s  l i nkages  to  o the r  atoms., the diphenyl 
s u b s t i t u t e n t s  may e x h i b i t  s u f f i c i e n t  e l e c t r o n  withdrawing 
e f f e c t s  t o  mediate such  a s t r u c t u r e ,  

T h i s  d a t a  i s  presented only  t o  emphasize the many possible 
r e s u l t s  a v a i l a b l e  f o r  cons idera t ion  i n  p o s t u l a t i n g  an i n t e r -  
p r e t a t i o n  of the r e s u l t s ,  Only through a d e t a i l e d  s tudy w i t h  
" m o d e l "  systems can such  mechanisms be advanced t o  any degree 
of c e r t a i n t y ,  

However, based on the r e s u l t s  accumulated during this  
i n v e s t i g a t i o n ,  the following mechanisms would appear most 
probable,  The  a t t a c k  of ozone t o  form an uns tab le  ozonide 
in te rmedia te ,  T h i s  formation proceeds v i a  an i o n i c  mechanism 
and would n o t  be expected t o  i n i t i a t e  a free r a d i c a l  r e a c t i o n  
w i t h  the f l u i d ,  However, ozonide degradat ions can proceed 
by the r e a c t i o n s  presented i n  the f i n a l  repor t*  of the previous  
program t o  form hydroperoxides,peroxides o r  polypesoxides,  
w h i c h  i n  breakdown can i n i t i a t e  a free radical mechanisme 
T h i s  mechanism would r e s u l t  i n  a d i sp ropor t iona t ion  r e a c t i o n  
i n  the DC-704, Such a d i sp ropor t iona t ion  would r e s u l t  i n  the 
spontaneous l i b e r a t i o n  of l a r g e  q u a n t i t i e s  of methane and/or 
v o l a t i l e  aromatic spec ie s  which can account f o r  the r ap id  
i n c r e a s e  i n  p re s su re  ( exp los ion ) ,  

The d i sp ropor t iona t ion  r eac t ion  of the DC-704 would 
i n i t i a l l y  t ake  the form of a polymerization r e a c t i o n  and pro- 
ceed t o  d i sp ropor t iona t ion  a t  an  acce le ra t ed  ra te  on the 
accumulation of s u f f i c i e n t  f ree  r a d i c a l s ,  The formation of 
carbon r e s i d u e  could r e s u l t  from exposure t o  the atmosphere, 

Although it cannot be said t h a t  th i s  explosion completely 
d u p l i c a t e s  the explosion generated on the previous  program, 
it m u s t  be assumed the ozone had a s i g n i f i c a n t  i n f luence  on 
both  occurrenceso C o m p l e t e  dup l i ca t ion  of any explosive 
r e a c t i o n  i s  d i f f i c u l t ;  however, dup l i ca t ion  of an ozonolys is  
even under very c l o s e l y  con t ro l l ed  low temperature condi t ions  
i s  extremely d i f f i c u l t ,  A s  was d i scussed  previous ly  the 
exact mechanism by w h i c h  ozone could i n i t i a t e  an explosive 
r e a c t i o n  could fol low seve ra l  a l t e r n a t e  p a t h s ,  p a r t i c u l a r l y  
a t  e l eva ted  temperatures,  Therefore,  the d i f f e r e n c e  i n  the 
l e n g t h  of t i m e  ozone w a s  leaked i n t o  the system during the 
p r e s e n t  s tudy a s  opposed t o  the previous s tudy may be 
a t t r i b u t e d  t o  the i n i t i a t i n g  s tep ,  T h i s  i n i t i a t i o n  can be 
inf luenced by the composition of the f l u i d ,  T h e  presence of 

* 
NASA Contract  No, NAS5-9632 e n t i t l e d ,  " I n v e s t i g a t i o n  of the 
Explosion Hazard of Contaminated Dif fus ion  Pump F l u i d s , "  
Page 60, 
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very trace r e a c t i v e  spec ie s  c o u l d  r a d i c a l l y  a l t e r  the ra te  
of ozonolysis ,  These spec ie s  i n  one system could be un- 
s a t u r a t e d  hydrocarbons introduced by backstreaming from the 
mechanical pump. A l t e r n a t i v e l y ,  over a longer  per iod of t i m e  
t h i s  r e a c t i o n  could proceed by direct  a t t a c k  on DC-704, 
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6 ,, 0 RECOMMENDATIONS 

F u r t h e r  s t u d i e s  should be conducted t o  de te rn ine  the 
mechanism o r  mechanisms by which ozone w i l l  genera te  an ex- 
p l o s i v e  r e a c t i o n  i n  DC-704 f l u i d ,  These s t u d i e s  would 
i n v e s t i g a t e  the compat ib i l i ty  of the DC-704 f l u i d  and the 
i n d i v i d u a l  components p r e s e n t  i n  the  f r e s h  and used  f l u i d  w i t h  
ozone and peroxides,  Such s t u d i e s  would be conducted under 
ideal cond i t ions  i n  order t o  determine rates of r e a c t i o n ,  
types  of products formed, in f luenc ing  f a c t o r s  such  as  tempera- 
t u r e  and trace l e v e l s  of impur i t i e s ,  and u l t ima te  s t a b i l i t y ,  

Once the condi t ions  surrounding the i n i t i a t i o n  of in -  
s t a b i l i t y  i n  DC-704 a r e  determined, their  r e l a t i o n  t o  an 
actual  ope ra t ing  d i f f u s i o n  pump or t o  o t h e r  d i f f u s i o n  pump 
f l u i d s  can be either p red ic t ed  o r  experimental ly  evaluated,  
However, u n t i l  more i s  known concerning the basic e f f e c t  of 
ozone i n  DC-704, it w i l l  be very d i f f i c u l t  t o  p r e d i c t  the 
r e l a t i v e  s t a b i l i t y  of any system where ozone i s  p resen t  o r  
t o  suggest  p r o t e c t i v e  schemes which may be advantageous i n  
systems s u c h  as man r a t e d  chambers, 

35 


